The amounts of calcium required to achieve various levels of myofibrillar activation in the dog heart were determined by measuring the dependence of myofibrillar calcium binding, myofibrillar adenosinetriphosphatase (ATPase), and isometric tension on free calcium concentration. Myofibrillar ATPase was half-maximal at 2.4 x lO^M free calcium, and tension development was half-maximal at 2.0 x 10~6M free calcium. No simple relation between calcium binding and activation was found. For example, between 10~8M and lO^M free calcium, an appreciable amount of calcium was bound to the myofibrils, but there was little activation of isometric tension. On the other hand, myofibrillar calcium binding was not saturated at levels of free calcium at which both tension and ATPase were maximal; therefore, it appears that only a portion of the total myofibrillar calcium binding sites control ATPase and tension. Using the information derived from the binding and activation studies together with our determination of the myofibrillar content of the dog heart, 47.5 mg myofibrillar protein/g wet heart, we calculated the calcium required to achieve various levels of myofibrillar activation in the intact ventricle. By this calculation method, development of half-maximal tension required 22.4 ^imoles calcium/kg wet heart, and development of maximal isometric tension required 92.8 /^moles/kg wet heart.
• The intensity of the contractile activity of cardiac myofibrils depends on the concentration of ionic calcium (1, 2) . Although this dependence is presumed to be related to the binding of calcium to the myofibrils, no extensive study of the amounts of calcium bound at various levels of activation has been made. Weber and Herz (3) have reported that cardiac myofibrils bind 1.3 fimoles calcium/g at 27 fiM free calcium and pH 6.5. The relation between calcium binding and activity might be inferred from the properties of cardiac troponin (4, 5) , but the amount of troponin in cardiac myofibrils is unknown. This problem is made even more difficult in view of recent studies (6) which indicate that calcium binding by skeletal troponin is influenced by interactions with other myofibrillar proteins. Although speculations on the amounts of calcium required to activate myofibrils have been made (2, 7, 8) , they are based on analogies of uncertain validity between cardiac and skeletal muscles. The purpose of our study was to determine the relation between myofibrillar calcium binding and activation.
Purified canine cardiac myofibrils were prepared as described previously (9) . Membrane contaminants of conventionally prepared myofibrillar fractions were dissolved with Triton X-100. The purified myofibrils were washed once with 10 pellet volumes of lmM ethyleneglycol bis(j3-aminoethylether)-N, N'-tetraacetic acid (EGTA) in 130 mM KC1, 20 mM imidazole at pH 7.0, and 6 mM MgCl2 (standard buffer); the myofibrils were then washed three times in standard buffer alone and suspended in standard buffer to a final protein concentration of 15-20 mg/ml. Quantitative isolations of cardiac myofibrils were carried out on two 5-g portions of left ventricle carefully cleared of vessels and connective tissue. Myofibrils were prepared as previously described (9) except that extreme care was taken to prevent loss of myofibrillar protein. This procedure was accomplished by removing coarse portions of pellets by filtration through cheese cloth with subsequent washing. The final pellet was resuspended to an accurately determined volume and duplicate protein concentrations of three samples of this protein suspension were determined. Dry weight of the ventricle was determined after drying at 90°C for 24 hours.
CALCIUM BINDING MEASUREMENTS
Calcium binding by cardiac myofibrils was measured by a centrifugation technique similar to that described by Fuchs and Briggs (10) . Protein, buffer, salts, and 45 Ca were mixed well, and samples of this mixture were added to stainless steel centrifuge tubes containing 525 adenosine triphosphate (ATP), creatine phosphate, creatine phosphokinase, and various amounts of calcium and EGTA; final volume of the mixture was 2.5 ml. The tubes were mixed and immediately centrifuged at 100,-000 g for 10 minutes. Samples of the supernatant fraction were counted, and calcium bound to the myofibrils was calculated from the fraction of counts bound and the total calcium (added + contaminant) concentration. Nonexchangeable calcium was determined by a centrifugation technique of the same duration as that of the binding measurements and was calculated as described previously (10) .
Free calcium concentration in the supernatant fraction was calculated by an iteration procedure of firstorder convergence using a Wang 700B programable calculator. This program calculated free calcium as a function of total calcium, ATP, EGTA, and magnesium at a specified pH. The apparent association constants used for the nucleotide species were those of Alberty (11) . The apparent association constant for the calcium-EGTA reaction (1.1 X lO 6 !^" 1 ) was obtained by adjusting the value measured by Briggs and Fleishman to pH 7.0 (12) . This EGTA-binding constant agreed well with that reported by Ogawa (13) but was considerably lower than that used in other laboratories (5-6 x l^M" 1 ) (1, 3). The ATP-binding constants were checked in our laboratory under the experimental conditions of the calcium-binding experiments by a Chelex partition technique (10, 12) . Negligible calcium binding by creatine phosphate and creatine phosphokinase mixtures was seen in the Chelex partition experiment. Because of the very low magnesium affinity of creatine phosphate reported by O'Sullivan and Perrin (14) , magnesium binding by creatine phosphate was neglected.
ASSAYS
Calcium in myofibrils, buffers, salts, and ATP solutions was measured with an atomic absorption spectrophotometer (Instrumentation Laboratories model 353) fitted with a high solids burner. Protein solutions were digested in boiling perchloric acid before they were compared with identically treated standard calcium solutions. The total calcium contamination in binding experiments was 3-5 fiM.
Myofibrillar adenosinetriphosphatase (ATPase) was measured by liberating inorganic phosphate in incubation solutions containing 130 mMKCL, 20 mM imidazole at pH 7.0, 6 mM MgCl 2 , lmM EGTA, 0-1.0 mM added CaCl 2 , 1 mM creatine phosphate, 0.1 mg creatine phosphokinase/ml (25°C, i -0.14) and 1 mg myofibrillar protein/ml. The reaction was stopped at various times by adding samples of the incubation solution to equal volumes of cold 10% trichloroacetic acid. Inorganic phosphate was measured by the method of King (15) in filtrates of the trichloroacetic acid-precipitated protein mixture.
Protein concentrations were determined by the method of Lowry et al. (16) with bovine serum albumin used as a standard.
TENSION MEASUREMENTS
Tension generation was studied using strips of papillary muscles made permeable to crystalloids by treatment with ethylenediaminetetraacetic acid (EDTA) (1). The muscles were tied to wooden sticks at their in situ length and placed in a solution of 600 mM sucrose, 20 mM imidazole at pH 7.0, and 2 mM EGTA at 4°C for 30 minutes. All subsequent procedures were done at 4°C. The muscles were sliced into thin longitudinal sections and placed in a disruption solution containing 130 mM KC1, 20 mM imidazole at pH 7.0, 3 mM EDTA, 6 mM MgCl 2 , 5 mM ATP, 6 mM creatine phosphate, and 0.1 mg creatine phosphokinase/ml for 2.5 hours (l). The muscles were then dissected into longitudinal bundles approximately 8 mm long and 150/i thick while they were immersed in cold relaxing solution that was identical to the disruption solution except that 3 mM EDTA was replaced by 3 mM EGTA. The bundles were kept in the relaxing solution and used within 6 hours of dissection. One end of the muscle bundle was attached to a fixed lever and the other end was attached to the arm of a force transducer (Endevco 8107-2) with Duco cement. The transducer was attached to a micromanipulator for adjustment of muscle preload. Contraction was induced by adding CaCl 2 to the relaxing solution. Tension was recorded on a Mark 240 brush recorder. Active tension represented the steady-state total tension following incremental changes in free calcium minus the preload.
SOLUTIONS AND REAGENTS
All solutions were prepared with distilled deionized water. EDTA, ATP, creatine phosphate, creatine phosphokinase, and imidazole were obtained from Sigma; EGTA was a product of Eastman Organic Chemicals. All other chemicals were Mallinkrodt analytical giaue Results Figure 1 shows calcium binding to cardiac myofibrils as a function of free calcium concentration. Although considerable calcium (0.20 nmoles/ mg) was bound at 10~7M free calcium, there was only a slight increase in the amount bound until about 10" 6 M free calcium was present; at this point calcium binding began a steep increase reaching about 2.0 nmoles/mg at 5 x 10~5M free calcium.
To compare calcium binding with activation of cardiac myofibrils, activation (ATPase activity and isometric tension development) was measured as a function of free calcium concentration; the two dependent variables, calcium binding and activation, were plotted as functions of a common parameter, calcium ion concentration. Figure 2 shows the results of measurements of the calcium dependence of tension development in EDTA-treated papillary muscle strips and of ATPase activity in purified myofibrils. Figure 2 also shows that tension Effect of calcium ion concentration on isometric tension development and myofibrillar ATPase activity. A: Typical experiment. B: Normalized tension and ATPase activity for four papillary muscles and three myofibrillar preparations. Incubation conditions for the ATPase studies are given in Methods. Conditions for the tension studies were identical to those for the binding studies in Figure 1 except that 3 mM ECTA was used throughout and total CaCh was varied to achieve the free calcium concentrations shown. 
FIGURE 3
Effect of calcium ion concentration on myofibrillar ATPase, tension, and calcium binding. Binding data are reproduced from Figure 1 . ATPase and tension data are the mean values taken from Figure 2B. and ATPase are similar functions of calcium ion concentration except at the lower level of free calcium. Figure 3 illustrates myofibrillar activation and calcium binding as functions of ionic calcium concentration. The relation between these two functions of ionic calcium, activation and binding, was complex. For example, there was appreciable calcium binding at free calcium concentrations at which there was little evidence of activation of ATPase or tension. Furthermore, calcium binding to the myofibrils was not saturated at the free calcium levels at which saturation of ATPase and tension activation occurred. Therefore, it appears that only a portion of the total myofibrillar calcium binding sites are involved in the regulation of ATPase and tension.
The data shown in Figure 3 can be used to calculate the amounts of calcium involved in myofibrillar activation within the heart, if an estimate of the myofibrillar content of the canine heart is available. Previous attempts to quantify the concentration of myofibrillar protein in heart muscle have relied on extraction of myosin B. Such studies (2, 17) have generated a variety of values ranging from 40 to 80 mg/g wet weight. Since a method for the preparation of purified cardiac myofibrils that does not involve lengthy solubilization and reprecipitation of contractile proteins, as do the myosin B preparations, has been developed (9), we decided to quantitatively extract Triton X-100treated myofibrils from canine left ventricle. Table  1 summarizes data obtained in four such experiments. The average myofibrillar content (47.5 mg/g wet heart) reported in Table 1 In Table 2 the myofibrillar content was used to calculate the calcium required to achieve various levels of isometric tension in dog heart. The amount of calcium bound to myofibrillar protein at each level of isometric tension was taken from data shown in Figure 3 . The amount of free calcium required to achieve various levels of tension was calculated using a value of 750 ml/kg wet heart for the cytoplasmic space of dog heart (7, 18) .
Discussion
The present investigation attempted to determine the amounts of calcium involved in activation of cardiac contractile proteins. Therefore, two parameters of cardiac activation-biochemical activation (ATPase activity) and mechanical activation (isometric tension development)-were used. With the incubation conditions in the present study, the concentration of calcium eliciting halfmaximal activation of myofibrillar ATPase was 2.1 X 10~6M. This free calcium level is similar to that reported from other laboratories (1-4 X 10~6M) (1, 2, 19) for half-maximal activation of myofibrils and reconstituted cardiac natural actomyosin. (For comparative purposes, the values reported by all other investigators for calcium ion concentrations have been adjusted to the value obtained if 1.1 X K^M" 1 is used for the association constant at pH 7.0 for the calcium-EGTA reaction in the present experiment.) It is important, however, to note that the myofibrillar ATPase activity at 10~8M free calcium was 10% of that at 10~5M free calcium (Fig.  2) . This degree of calcium dependence has not been previously obtained with conventionally prepared cardiac myofibrils (19), but it is comparable to that obtained with skeletal myofibrillar preparations or cardiac natural actomyosin (2) .
It was important for us to show that the ATPase of isolated cardiac myofibrils is a close correlate of isometric tension activation, since myofibrillar preparations were used in the calcium-binding measurements. That cardiac myofibrillar ATPase activity is a reasonable measure of mechanical activation of the heart is shown by the close correlation between activation of isometric tension of chemically skinned papillary muscle and activation of myofibrillar ATPase (Fig. 2) . The only significant difference in the two functions was at free calcium concentrations between 10~7M and 10~6M. One explanation of such a discrepancy is that fractional conversion of myosin A to actomyosin at low calcium concentrations is low and thus a portion of the measured myofibrillar ATPase activity is due to mvosin alone. Also at relatively low free calcium concentrations cross-bridge formation might be discontinuous along the length of the filament; therefore, while ATP is split, tension is not generated at the ends of the fiber. A close correlation between activation of tension and activation of AT-Pase was also noted by Schadler (19) and Henry et al. (20) in experiments in which ATPase of isometrically contracting glycerinated cardiac fibers was measured during the contraction.
Calcium Requirements for Activation of Isometric Tension
The steep relation between free calcium and isometric tension development seen in Figure 2 with dog papillary muscle is similar to that reported by Winegrad (l) for EDTA-skinned rabbit papillary muscle. Activation of glycerol-extracted dog papillary muscle has also been shown to be steeply related to free calcium concentration (19, 20) . The calcium ion requirements for half-maximal tension activation of EDTA-treated dog papillary strips (2 X 10" 6 M) (Fig. 2 ) is close to that required for half-maximal activation of EDTAtreated rabbit papillary muscle (4 X IO^M) and glycerol extracted fibers (1.8 X 10" 6 M).
Since activation of cardiac myofibrils as a function of calcium is also a function of the conditions of incubation (l), the incubation conditions in this experiment should be discussed. Although the exact ionic conditions surrounding cardiac myofibrillar proteins are not known, educated guesses can be made. The ionic strength, pH, and ATP concentrations were within the orders of magnitude of those thought to be prevalent in muscle cells (18, 21, 22) . The free magnesium concentration in our experiments (1.5 mM) was, however, arbitrarily chosen. Dog heart muscle contains 20 mM MgCl 2 (18, 23), but the activity of this magnesium is uncertain and much of it may be bound (24).
We obtained some evidence for cooperative interactions in the activation functions (Fig. 2) . For example, the ratio of the calcium concentration at 90% activation to that at 10% activation was 13.8 and 6.3 for ATPase and tension, respectively. Koshland et al. (24) have defined this ratio as an R s value. A system with Michaelis-Menten behavior (noninteraction) will have an R, value of 81, but a system possessing some form of positive cooperative interactions will have an R, value of less than 81. The R s values for the two activation functions in this paper are much less than 81, indicating cooperation in activation. The presence of cooperative behavior in activation of rabbit skeletal myofibrils has been shown by Bremel and co-workers (6, 25) .
Data in Table 2 provide reasonable estimates of the amounts of calcium required to achieve various levels of myofibrillar activation. Mitochondrial Circulation Rcicarch, Vol. XXXIV, April 1974 competition for activating calcium ions was not included in the calculations of the calcium requirements for activation given in Table 2 . The K m for energy-linked calcium transport by cardiac mitochondria is 12-45 fiM (26, 27); thus calcium uptake by mitochondria should be quite low even at levels of free calcium at which ATPase and tension are maximally activated. Furthermore, calcium bound to metabolism-independent (nonspecific) calcium-binding sites on mitochondria (27) should be negligible in the presence of estimated cytoplasmic magnesium and potassium concentrations in heart cells (22, 23) .
Calculations similar to those used to obtain the data in Table 2 have been made previously (2, 7, 8) but were based on analogies with skeletal muscle preparations or estimates of the troponin content of cardiac myofibrils. Furthermore, these kinds of calculations have generally ignored the amount of free calcium present in the cytoplasm at a particular level of activation and the calcium binding to sites, e.g., myosin, not involved in activation. Gertz et al. (8) calculated that 50-100 /nmoles calcium/kg wet heart must be delivered to the myofibrils for full activation; Katz (2) calculated a value of about 60 /xmoles/kg wet heart. The values in Table 2 show that previous estimates of calcium requirements for cardiac muscle activation are generally low. Data in Table 2 also reveal that the calcium requirements for maximal activation of cardiac contraction are about one-third of those for maximal activation of skeletal muscle contraction. Weber (28) has shown that rabbit skeletal myofibrils bind 3.0 /nmoles calcium/g protein in the transition from minimal to maximal ATPase activity. Since rabbit skeletal muscle contains 105 g myofibrillar protein/kg wet weight (29), 300 /i,moles of calcium must be delivered to skeletal myofibrils to maximally activate 1 kg of wet muscle.
